A quasiclassical Pauli potential is used to simulate the Fermi motion of nucleons in a molecular dynamical simulation of heavy ion collisions. The thermostatic properties of a Fermi gas with and without interactions are presented. The inclusion of this Pauli potential into the quantum molecular dynamics (QMD) approach yields a model with well defined fermionic ground states, which is therefore also able to give the excitation energies of the emitted fragments. The deexcitation mechanisms (particle evaporation and multifragmentation) of the new model are investigated. The dynamics of the QMD with Pauli potential is tested by a wide range of comparisons of calculated and experimental doubledifferential Cross sections for inclusive p-induced reactions at incident energies of 80 to 160 MeV. Results at 256 and 800 MeV incident proton energy are presented as predictions for completed experiments which are as yet unpublished. PACS number(s): 24.10. Cn, 
I. INTRODUCTION
The study of the production and decay of hot and compressed nuclear systems has gained great interest in recent years. This is due to the wealth of physical processes, which are involved in such reactions. This field was opened for detailed experimental investigations with the construction of heavy ion accelerators, where pieces of nuclear matter far from their ground states could be produced for the first time in the laboratory. One of the main goals of such experiments has been to study the nuclear equation of state at high density [I-171, and at low density, where a liquid-gas phase transition is expected . In low-energy heavy ion collisions or highenergy proton-induced reactions this phase transition results in an increase of the total entropy [24] and in the fragmentation of the system [25] . While the entropy is not directly measurable in heavy ion experiments, the formation of intermediate mass fragments (IMFs) can be observed directly. This question was first addressed experimentally via inclusive proton-induced reactions [26] and later in heavy ion reactions [11, 27-381. All the inclusive, i.e., impact-parameter-averaged, experiments have shown a typical power-law dependence U ( A ) = A -' of the mass yield distributions, where the critical exponent T was compatible with a value of ~2 . 5 . Fisher [25] made such a prediction for fragmentations resulting from a classical liquid-vapor phase transition only at the critical point. The experimental results therefore would have this Strange result that the phase transition is only observed at the critical point, the more characteristic distribution for liquid-vapor phase transition; i.e., an exponential with fractional power in the argument is not observed in inclusive data. However, we have shown theoretically [21, 72] that for central collisions the fragment yield is indeed exponential. This theoretical result is experimentally investigated at the 4 n facility at the Gesellschaft für Schwerionenforschung (GSI).
The major shortcoming of those experiments was, however, that no selection on multiplicity (impact parameter) could be done, and so the results could also be of geometrical or other origin and not a signature of a phase transition. In recent years it has become possible to do exclusive measurements of multifragmentation reactions. This has been done with streamer chamber detectors [33, 34] or with electronic 4 n detectors [11, . With the availability of 4 n detectors it is possible to study the multifragment breakup of nuclear systems in much greater detail, due to the huge number of events which can be sampled.
A lot of Progress has also been made in theoretical descriptions of the multifragmentation process of hot, compressed nuclei. On the one hand, there exist a variety of models that treat this process in a statistical way in microcanonical, canonical, or grandcanonical ensembles [40-451, or by means of evaporation models [46- 491. These models, however, start with a totally equilibrated system. While this may be a good approximation in heavy ion reactions at very low energies (around the Coulomb barrier the projectile may excite the collective degrees of freedom of the target) it is still an Open question whether at higher energies a global, or even a local, equilibrium is achieved (see also Ref. [74] ).
On the other hand, many models exist which describe heavy ion reactions microscopically in terms of the dynamics of the interacting nucleons. The most common models of this type are the VUU/BUU [50-591, molecular dynamics (in which classical many-body correlations are retained), and CASCADE type models [82-841. In the mean-field models of the VUU/BUU type the nucleons follow a trajectory which is generated by the en-
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@ 1992 The American Physical Society semble averaged motion of all the other nucleons. This means that two-body and higher-order correlations are ignored, and these models give only event-averaged answers for many-body observables such as the formation of fragments [52, 59] .
This limitation can be overcome with the molecular dynamics models, where the nucleons are propagated with respect to the explicit interactions with all the other nucleons. Thus, these models can also treat the multifragmentation of the system. However, the classical molecular dynamics models neglect all quantum effects, which are most important in heavy ion collisions (see Ref. [74] ), i.e., Pauli blocking, stochastic scattering, and particle production. In order to overcome these limitations the quantum molecular dynamics (QMD) model has been developed [70-771, which incorporates the quantum effects of the VUU and cascade models into the molecular dynamics approach.
A general deficiency of all microscopic models in the past was that the nuclear ground state could not be simulated in a reasonable fashion, because of the absence of the Fermi motion generated by the Pauli exclusion principle. Wilets et al. [62, 63] suggested that the Pauli exclusion principle might be simulated by a momentumdependent, repulsive-potential and it was demonstrated recently that it is in fact possible to design Pauli potentials so that the ensuing quasiclassical models give a reasonable reproduction of gross thermostatic properties of a Fermi gas and of nuclear matter [81, 85] . It was shown [85] that the nuclear equation of state at subsaturation densities is strongly modified due to the clustering of nuclear matter.
For the description of the dynamical process of multifragmentation in heavy ion collisions we suggest a two step model, where the first step treats the nonequilibrium Part of the reaction in a microscopic way. This step also describes the formation of highly-excited fragments. The decay of these fragments is further described with a different model (i.e., a statistical model). In fact, the time scale of the two types of processes necessitates such a treatment: While the nonequilibrium reactions occur during typical collision times of the order 1 0~~~ sec, the evaporation and fission decay of the fragments may happen after relatively long times of the order 1 0~~l -1 0~'~ sec. It is clear, even though in principle possible, that such long time behavior cannot be followed explicitly on the Computer.
We discuss the first stage of this model in the present work. We incorporate the Pauli potential of Ref. [85] into the quantum molecular dynamics model [70-771 and show some properties of results calculated with this modified approach. In Sec. I1 we give a short description of the model. We show how the thermostatic properties of the Fermi gas, as well as the static properties of finite nuclei, can be reproduced. In Sec. I11 we investigate the decay of a hot nucleus and of compressed nuclei within the framework of the QMD model. In Sec. IV we compare preequilibrium neutron spectra obtained with this model with experimental data in order to illustrate the success of the dynamics of the model for (nucleon in, riucleon out) reactions. Conclusions are given in Sec. V.
THE MICROSCOPIC DESCRIPTION OF FERMIONIC SYSTEMS

A. Description of free fermions
In the present work we employ the Gaussian Pauli potential introduced by Dorso et al. [81] . With such a potential the total energy of the "free" Fermi gas is given by where r, and a i denote the spin-isospin index of nucleon sampled by means of the Metropolis importance sam-
.
pling method [86] on the basis of the appropriate weight In Ref. [85] we parametrized this Pauli potential such = e -EE'T that the total energy E:: matches the exact kinetic ener-(2) gy of the Fermi gas. This parametrization, however, may Figure 1 shows the calculated energy per nucleon for influence the dynamical calculations, since the kinetic vart of the Fermi motion is reduced, which crucially influences, for example, the nucleon-nucleon collisions and therefore also the thermalization process. For this reason we also employ a second parametrization, where the kinetic energy alone compares to the exact kinetic energy of the Fermi gas. We denote these parameter Sets from now on with 1 and 2, respectively (see Table I ).
First we present the calculated thermostatic properties of an infinite system of free Fermions calculated within the framework presented. T o do so we treat 5 12 nucleons (128 for each spin-isospin degree of freedom) in a cube with periodic boundary conditions. The thermostatic properties are obtained by averaging over several hundred statistically distributed manifestations of the system, 
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All three figures show the total energies and the kinetic energies for the two parameter sets for T = 0 . 5 , 5.0, and 20.0 MeV. It can be seen in all cases that the total energy for set 1 and the kinetic energy for set 2 match the exact Fermi gas values. The Pauli potential is most important
0
at low densities and temperatures and can be neglected in the Boltzmann limit. Figure 2 shows the corresponding results for different densities versus temperature. The main effect that has to be reproduced for the present purpose is the value of the kinetic energy. This is
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achieved rather satisfactorily in all cases. In particular -the ground state configuration no longer collapses in the limit T-0. However, the specific heat, i.e., the slope of rameter Sets as compared to the exact value for the Fermi gas at p=p,. C, has been computed as cv=AE", / A T for parameter set 1 while the kinetic energy has been used for parameter Set 2. The most important feature of the specific heat, namely, the drop from the Boltzmann value f r e r Ferm gas exact values.
C,=+
to Zero at low temperatures, is not correctly reproduced in both cases. The calculated curves do not approach Zero for T-0; i.e., the Pauli potential lacks a quasiparticle limit. As can be Seen from Fig. 3 both parameter sets fail to reproduce the specific heat for temperatures T < 5 MeV. The overall agreement with the exact values is better for parameter Set 1, while for parameter Set 2 C, decreases only weakly with decreasing temperature.
B. Description of finite nuclei
After this brief demonstration of the significant qualitative improvements effected by the Pauli potential, we describe the remainder of the many-body Hamiltonian. It is taken from the QMD model [70-771 and so it includes a two-and three-body Skyrme interaction as well as Coulomb, Yukawa, and asymmetry potentials.
The nucleons are represented by Gaussians of the form
where r I o and p" are the centroids of particle i. Integration over momentum space yields the real-space distribution
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[ r , -r"it)I2 J',(r,,t)= ( 2 a L )"* and the baryon density The first term denotes the kinetic energy of the centroids of the nucleons; the second term describes the Pauli potential, which acts only on the centroids of the Gaussians. The third and fourth terms are the Yukawa and Coulomb interactions, respectively, for Gaussian-shaped wave packets representing the nucleons. The last term represents the Skyrme Part of the interaction which can be considered as a density-dependent interaction for infinite nuclear matter. Note, however, the difference between p: in Eq. ( 7 ) and pB in Eq. (5). Those two terms are equal only for infinite Systems. The parameters a , ß, and y are adjusted so as to yield reasonable values for the binding energy, saturation density, and compressibility of infinite nuclear matter. For the present study we use a compressibility constant of K =380 MeV. Note, however, that the equation of state is substantially softened by the clustering of nuclear matter at subsaturation densities [85] . In order to obtain a reasonable simulation of finite nuclei, we adjust the two Yukawa parameters VYuk and yyuk. The Yukawa potential also gives a densitydependent contribution to the equation of state, which must be taken into account when adjusting the parameters. The resulting parameters are given in Table I . Now we present the thermostatic properties of cold nuclei using this Hamiltonian in the weight factor [Eq. ( 2 ) ] of the Metropolis sampling algorithm. We use the Metropolis algorithm to obtain an ensemble average of self-bound clusters at the temperature T =0. MeV/nucleon for the binding energies, but they favor light nuclei in the binding energy curve. The reason for this is that the microscopic Skyrme forces, which give the density-dependent repulsion, cannot compensate the strong Yukawa interaction, which is necessary to get the proper surface binding energy for large nuclei. The Pauli potential acts explicitly between spin-isospin identical particles. This may give a poor description of the Fermi energy in very light nuclei. This is also the reason why the Yukawa parameters in Table I deviate from the standard values.
The binding energy of heavy nuclei is about 1 MeV/nucleon too low, and the maximum of the curve is shifted to lighter nuclei than predicted by the BetheWeizsäcker mass formula. Within the present microscopic model this is the best parametrization we could find. Note also that these nuclei were constructed in a canonical manner within a heat bath of 0.5 MeV temperature. If we use a downhill simplex method to construct the ground state for T = O MeV, we find that the excitation energy corresponding to the temperature of 0.5 MeV is about 0.5 to 1.0 MeV/nucleon for heavy nuclei [75] . Figure 6 shows the corresponding density profiles for three typical ground state nuclei. The densities have been obtained using Eq. 
C. Dynamical stability of nuclei
Until now we have presented only thermostatic nuclear properties obtained with the Metropolis algorithm. Now we present results of dynamical calculations within the quantum molecular dynamics model described in Refs.
[70-773. Since we are now dealing with momentumdependent interactions the leapfrog integration routine used previously is replaced by a second-order RungeKutta method. In addition to that, the initialization of projectile and target is performed with the Metropolis procedure described above, rather than by using a local Thomas-Fermi approach as in previous versions of this model.
First we Want to study the dynamical stability of the nuclei. We prepare the initial nuclei using the Metropolis sampling procedure at T =0.5 MeV and take this state as the starting point for the dynamical Q M D calculation. Figure 7 shows the time evolution of the root-meansquare radii for three different nuclei ("Ne, " m~u , and 1 9 '~u ) calculated with the two parameter sets. Since we want to show the fluctuations here, we present only one event for each case. We observe that those riuclei represent a good approximation to the real ground state and are therefore stable for very long time scales. Both parameter Sets yield equally stable nuclei. Therefore we conclude that this stability results not from the fact that the kinetic energies are artificially reduced iwith parameter set I), since the same stability is also found with parameter Set 2. The small oscillations are due to the fact that these nuclei still have a small excitation energy corresponding to 0.5 MeV temperature. 
D . Determination of the excitation energy of the fragments
Finally we want to describe the calculation of the excitation energies of the emitted fragments. We define the fragments at the end of the reaction using a common minimum spanning tree procedure. Two nucleons are considered to be bound in a fragment if the centroids of their wave packets have a spatial distance d o 5 3 fm. Then we determine the total energy E ' of each fragment in its rest frame and use the Metropolis procedure to evaluate the ground state iwith the energy E') for each particular fragment. The difference of these energies gives us the excitation energy of each fragment on an event-by-event basis, It should be noted that this procedure gives the energy with an uncertainty of about 1 MeV/nucleon isee also the discrepancy of the binding energies compared to the experimental values in Fig. 4 ). This may be relevant for further applications of these excitation energies (as input to the second step of a two-step model). The sensitivity of the results to this uncertainty has been investigated [76] and it was found that, e.g., the change of the multiplicities of intermediate mass fragments in central heavy ion collisions, due to this uncertainty, is less than 20%.
DEEXCITATION OF EXCITED NUCLEI
In this section we investigate how our model describes the deexcitation of highly excited, i.e., hot or compressed, nuclei. From the results of the statistical models [40-491, we know that a hot nucleus can decay into more than one large ( A > 4) fragments (this process is called "multifragmentation"), when a critical temperature of about 4 MeV is exceeded. The same process is supposed to occur when a compressed nucleus starts to expand and crosses the boundary line between the nuclear liquid and vapor phase. While the first process plays an important role in high-energy proton-induced reactions, where the target is highly excited without being compressed, the second process should play an important role in heavy ion reactions, since the projectile-target system may be heated up and compressed and may then freely expand. However, it is certainly not clear whether a multifragmentation event in those two processes results from the same physical origin. As a test, we wish to see if our dynamical model, if started in an excited, equilibrated initial condition will reproduce the results of a statistical model calculation.
T o do so we prepare the nuclei at some distinct temperature and compression energy using the Metropolis algorithm. Since this algorithm uses a canonical description, we put an infinitely high potential well at the radius R = R o and do the canonical Metropolis sampling until we reach a global equilibrium inside this well. Then we remove the well and start the microcanonical molecular dynamics calculation. Since we do not know precisely what causes the decay and especially the multifragmentation of hot nuclei, we investigate this process both in a pure molecular dynamical (MD) calculation (without the hard n -n collisions) and with the fuli Q M D model including collisions.
We study the decay of a ' O 0~u nucleus using the different parameter sets of our model (see Sec. 11) and follow the time evolution for 2500 fm/c using a secondorder Runge-Kutta integration routine with a timestep of 0.5 fm/c. First we prepare the nuclei at normal density (Ro = 1.13 A fm-0.3 fm) and vary the temperature between 0 and 20 MeV. cleons as can be Seen in Figs. 1 and 2 ) nor by nonequilibrium processes such as hard scattering. This behavior is in contrast to the statistical models of multifragmentation which predict much higher multiplicities of IMFs. Those modelsi however, do not consider the dynamical process of fragment formation but assume a fragmentation and calculate only the most probable fragment distribution via phase space arguments. The question whether the phase space alone determines the outcome of these reactions, or if dynamical constraints (as seen, for example, in nuclear fission) will restrict the m~ltifra~rnentationchan-nel, is still not answered. In our model the most probable deexcitation mechanism is the evaporation of nucleons from the high-energy tail of the Fermi distribution. Now we switch over to the second case, where we start with a cold, compressed nucleus. This case is of academic interest, since it is not possible to compress a nucleus without heating it up in nature. An advantage of our model, however, is that those physical situations, which are mixed in nature, can be disentangled. This is achieved in this case by putting the potential well in the initialization at the radius R = R ' R o (with R ' < 1). The Metropolis sampling is then done for the temperature T = 0 . 5 MeV until a global equilibrium for this compressed but cold nucleus is achieved. Figure 9 shows the same multiplicity distributions as before versus the average excitation energy of the compressed nuclei. Now the large residue starts to decay at lower energies and a difference between the two parameter sets can be observed. The nucleus with the Pauli parameter set 2 seems to be more stable, which may result from the stronger attraction due to the Yukawa interaction, which also yields larger binding energies for small nuclei as can be seen in Fig. 4 . If the energy is increased then in all cases a clear multifragmentation into up to 6 large (A > 4 ) fragments results, which mostly populate the interval A = 5-15, where the largest binding energy can be found in Fig. 4 . The multifragmentation curve is peaked at E * = 1 0 MeV/nucleon. Note that the same qualitative behavior was found in previous Q M D calculations [71] . The fragment multiplicities in central Nb + N b collisions plotted versus the bombarding energy exhibit a peak at E"" = 100 MeV/nucleon. Again we observe that the parameter Set 2 yields fewer fragments.
Since these calculations are from a dynamic model, we can look at the time evolution of the deexcitation process. In Fig. 10 we show the average excitation energy [cf. Eq. Ion energy of the 8 for an initially Shown are the results for parameter Set 1 at an initial excitation of = 8 MeV/nucleon for the two cases thermal and compressional excitation without collisions. The inclusion of the hard collisions, however, does not change this result. If the thermally excited nuclei are considered, the excitation energy decreases almost exponentially and reaches final values of about 1 MeV/nucleon. In the case of the compressed but cold system a much faster "explosion" can be observed when the compression energy is transformed into collective translational motion. Within a very short timescale of about 50-100 fm/c the excitation energy drops by 5 MeV/nucleon. After this the further deexcitation also shows an exponential decrease of the excitation energy. Because of the smaller mass (in this case there are about five fragments in the mass regime A = 5 -15, while for the thermal case one large fragment with A -50 was left) the further deexcitation is much slower, and therefore the remaining excitation energy after 5000 fm/c reaction time is about 1 MeV/nucleon higher than for the thermal case. This difference of the rest energy after 5000 fm/c reaction time is due to the different timescales for the deexcitation of large (thermal excitation) and small (compression) fragments and does not result from any collective degrees of freedom such as rotation or vibration.
Thus the Q M D model does not describe the multifragment decay of thermally excited nuclei, while for mechanically excited (compressed) nuclei the multifragmentation channel is predicted. On this basis one might conclude that, according to the Q M D calculations, true multifragmentation processes are caused by a dynamical rupture of the system and not by "thermal boiling." It has to be seen, however, whether more refined evaporation models, which suppress the level densities of the clusters in the continuum, due to restriction to bound and quasibound levels [87] , yield similar results.
IV. PREEQUILIBRIUM NEUTRON EMISSION
Preequilibrium neutron emission has been measured recently for the inclusive reactions p + A l , Zr, Pb at p (160 MeV) + Al FIG. 11. Neutron energy spectra in the c.m. frame for the reaction p (160 MeV)+Al at different laboratory angles as indicated. The symbols show the QMD calculation while the full line represents the data of Ref. [94] .
Ep=80, 120, and 160 MeV [94] . It has been reported [89- 921 that in this energy regime semiclassical preequilibrium models, which are based on an intranuclear nucleon-nucleon collision process, fail to reproduce the angular distributions. In order to describe the data more appropriately a multistep model based on the FeshbachKerman-Koonin ( F K K ) [88] formalism with at least two or more incoherent direct nucleon-nucleon interactions has been used 1941. Since the Q M D model follows the trajectories of all nucleons microscopically and treats both the hard nucleon-nucleon scattering and the soft nucleon-nucleon interaction, it should be equally successful in describing these reactions. In the Q M D model, however, the soft nucleon-nucleon interaction is treated in a classical and not in a quantal way. The quantal aspects of the scattering are taken into account at two points: (i) a collision is only allowed when the final scattering states are not Pauli blocked; (ii) the energy and angular dependence of the nucleon-nucleon cross section are taken from experiments. A t energies E < 200 MeV an isotropic, isospin-independent 40 mb cross section is taken.
The experimental and calculated c.m. energy spectra of neutrons emitted at different laboratory angles are shown in Fig. 11 for the Al target at 160 MeV incident Proton energy, which is the highest energy measured until now; in Figs. 12-14 for the Zr target at 80, 120, and 160 MeV, respectively, and in Figs. 15-17 for the Pb target at the Same energies. Experiments at 256 and 800 MeV incident energies will be performed to complete this data Set. The theoretical calculations have been performed using the full Q M D (with collisions) and parameter Set 1.' In all cases the calculated results agree with the data. Both the data and the calculations show a characteristic transition from a weak neutron energy dependence at forward angles to an almost exponential shape at backward angles. This clearly indicates that the System is not equilibrated. So we conclude-in agreement with [94] -that the failure of the previous preequilibrium models to describe the angular dependence of the data is due to the neglection of second-and higher-order collisions. The treatment of the collisions within the quantum mechanical model of Feshbach et al. gives a similar agreement with the data [94] , which implies that the quantal treatment of the statistical multistep direct emissions is well reproduced with the stochastic collision term in the Q M D model. Note also that this agreement was obtained using an isotropic nucleon-nucleon Cross section. The detailed form of the nucleon-nucleon potential, which is the essential input, e.g., for the Feshbach-Kerman-Koonin theory, seems to be unimportant at these high energies. Figures 18-20 show the angular distributions of neu- '~e also used parameter Set 2 but could not find any significant differences. Our calculations show, consistent with the data, that B increases with increasing neutron energies (corresponding to steeper angular distributions). For a given neutron energy, B decreases with increasing bombarding energy. A significant dependence of the slope parameter on the mass of the target cannot be found within the statistical sampling error for the number of events we have considered thus far. Tables V and V1 show the parametrizations of the predicted neutron spectra for the high energy reactions at 256 and 800 MeV incident energy. They confirm the trends that have been observed a t low energies.
V. CONCLUSIONS
W e have shown that the Pauli exclusion principle can be simulated in a quasiclassical way via a repulsive Pauli potential. Some of t h e thermodynamical properties of the free Fermi gas have been reproduced with a canonical I  I  I  I  I  ,  I  I  I  ,  I  I  I  I  I  ,  I  I  .   0  50  100  150  0  50  100  150  0  50 
